exceeding 20% [2] [3] [4] in perovskite (PVSK)-based photovoltaics. These superlative metrics can be attributed to the favorable characteristics of hybrid PVSKs as light harvesting media, including broadband absorption, high electron and hole mobilities, when compared to typical values in organic semiconductors, and long charge carrier lifetimes. [5, 6] Furthermore, PVSKs can be prepared using solution-based, lowtemperature techniques that allow for considerable flexibility. [7] [8] [9] [10] The characteristics that have brought cost-effective and high-efficiency solar cells closer to reality also lend themselves to a variety of other applications, such as in tunable lasers, light-emitting diodes, and photodetectors. [8, 11, 12] In all of these, efficient performance is strongly dependent on the optimal interaction at the interfaces between the active PVSK film and the extraneous layers implemented for charge dissociation, extraction, and conveyance. The properties of the electron and hole transport layers (ETL and HTL, respectively) therefore play critical roles in the device design. [13] Various ETL materials have been incorporated in PVSK solar cells, [13] [14] [15] [16] [17] [18] [19] [20] and among these, ZnO has proven superior in several respects as an ETL. For example, its electron mobility is in the range of 200-300 cm 2 V −1 s −1 , significantly higher than that of TiO 2 , [13] and additionally, there have been indications of its contribution to improving long-term operational stability [20] of PVSK devices. Aside from thin films and epi-layers, metal oxide nanostructures have also been incorporated as ETLs in solar cells as a means of increasing absorption cross section without adding to the physical size of the device. Nanowires and nanorods of TiO 2 , Y:TiO 2 , ZnO, and WO 3 [18, 21, 22] have been implemented in PVSK solar cells as ETLs with promising results, and again, ZnO is an attractive candidate here too, as ZnO nanostructures can be grown at relatively low temperatures. [18, 23, 24] Thus far, the research effort on investigating heterostructures comprising PVSK films and ZnO layers has been focused primarily on photovoltaic characterization. This has necessarily limited the perspective to optimization of power conversion efficiency alone, without systematically studying the fundamental processes occurring at the interface. A detailed and thorough understanding of the interaction between the two The authors explore the potential of ZnO layers of different morphologies, including single crystalline, micro-structured, and nano-structured substrates, for tuning exciton binding energy and influencing charge extraction when interfaced with pure (CH 3 NH 3 PbI 3 ) and mixed (CH 3 NH 3 PbI 3−x Cl x ) halide hybrid perovskite (PVSK) thin films. Electron microscopy characterization of the PVSK/ZnO interfaces are correlated with charge transfer properties, probed by means of temperature, power, and time-resolved photoluminescence (PL) spectroscopy. The results show that at room temperature, the single crystalline ZnO film promotes PL quenching, and reduces recombination lifetime along with exciton density in the PVSK films, all indicative of efficient electron extraction. Nevertheless, the micro-structured ZnO layers exhibit a mild increase of the PVSK PL at room temperature, and the nano-structured ZnO enhances PL by up to several thousand-fold, while simultaneously enhancing recombination rates by 50%. These trends are temperature dependent, and the findings highlight two opposing aspects of how excitonic dissociation in PVSK thin films is affected by the morphology of the underlying ZnO layers. While the single crystalline ZnO can be leveraged as an efficient electron extraction layer for application in photovoltaic devices, the micro-and nano-structured ones offer potential new opportunities for utilization of high quantum yield hybrid perovskites in opto-electronic platforms.
Introduction
Hybrid organic-inorganic halide perovskites were first incorporated in solar cells in 2009 as sensitizers, with TiO 2 serving as the electron transport material, and resulted in a device with power conversion efficiency of 3.8%. [1] Since then, focused effort on device design and materials engineering have resulted in significant improvements, with power conversion efficiencies www.advmatinterfaces.de materials is necessary not just to optimize device design, but to allow correlation of ZnO layer morphology with charge extraction properties. Only then will it be possible to fully exploit the potential of hybrid perovskites for applications beyond photovoltaics. In this work, we quantify the interfacial interactions using recombination lifetime in PVSK as deposited on ZnO, as well as steady-state photoluminescence (PL) spectroscopy with varying temperature and excitation power. [21, 25, 26] The results obtained indicate that while single-crystalline ZnO can be leveraged as an efficient electron extraction layer for application in photovoltaic devices, the micro-and nanostructured layers lead to PVSK emission enhancement, the latter by almost a thousand-fold. While this is far from ideal for charge extraction, it opens new opportunities for other optoelectronic applications that can benefit by leveraging the high optical quantum yield of PVSK materials. Figure 1c compares the PL of MS-ZnO and SC-ZnO. The emission centered around 380 nm is the direct bandgap emission, while the luminescence in the range 500-600 nm, routinely observed in ZnO samples, is associated with defects arising from surface states and oxygen vacancies. [27] The emission spectra of the NS-ZnO before and after annealing in Figure 1d show that these have the most intense PL, as the radial confinement of excitons within the nanostructures increase the probability of recombination. [28] Emission intensity of NS-ZnO is enhanced, and the defect emission significantly quenched, after annealing, a common observation attributed to improved crystallinity. [29, 30] The emission peaks of the ZnO structures prepared in our laboratory are redshifted compared to the single-crystal emission, resultant of increased contribution from recombination of bound excitons as the size of the structure is reduced and carriers confined. [29, 30] 
Results

ZnO Layer Characteristics
PVSK Thin Film and ZnO Layer Interface Characteristics
Figure 2 is a compilation of morphological and fluorescence characteristics of the surface of the CH 3 NH 3 PbI 3 -ZnO samples. Figure 2a is the scanning electron microscope (SEM) image of a PVSK film deposited on indium tin oxide (ITO) coated glass (ITO/PVSK), and shows uniform small grains, as is associated with PVSK thin films prepared with precursor containing lead acetate. [31] The choice of ITO-coated glass as the control sample is motivated by the fact that along with FTO, ITO is one of the most commonly used substrates for PVSK thin film deposition. Given that ITO itself may act as an electron extraction layer, we have investigated PVSK deposited on glass without ITO coating to provide a second baseline. SEM imaging ( Figure  S1a ,b, Supporting Information) and spectroscopy ( Figure S1c ,d, Supporting Information) data demonstrate that there is no noticeable difference between these two substrates, and therefore, ITO itself does not have a significant impact as an extraction layer. Figure 2b shows the PVSK thin film as deposited on the ZnO single crystal (SC-ZnO/PVSK). This PVSK layer also has a pinhole-free surface and small grain size, like the ITO/PVSK film in Figure 2a , demonstrating that the smooth surface of the ZnO single crystal is not disruptive to the PVSK thin film structure. Figure 2c is a cross-sectional SEM image of the MS-ZnO/PVSK sample, and highlights that while there is good contact between the two materials, the PVSK film has discontinuities arising from the roughness of the ZnO layer ( Figure S2 , Supporting Information). Figure 2d shows that contact between PVSK and NS-ZnO is not as optimal due to the high surface roughness of the ZnO layer, and while the PVSK infiltrates the nanowires to These images underline the impact of roughness of the ZnO layers on the PVSK thin film. In Figure 2e , the ITO/PVSK thin film shows a characteristic pattern of large grains of varying fluorescence intensity [32] delineated by dark grain boundaries, the latter known to act as recombination centers. A similar image of MS-ZnO/PVSK in Figure 2f shows a decrease in grain size, and a further proliferation of grain boundaries accompanied by even greater reduction in grain size is observed in the fluorescence image of NS-ZnO/PVSK in Figure 2g , reaching the limit of the microscope resolution. These would suggest that ZnO layers with higher surface roughness are detrimental to charge transfer across the device interface [32, 33] and this conjecture is validated in Figure 3 , where we observe increased PVSK PL, instead of PL quenching, the typical signature of efficient ETLs. [34] The PL spectrum of SC-ZnO/PVSK in Figure 3a shows the emission intensity quenching by a factor of ≈3 when compared to that of ITO/PVSK and is accompanied by a small decrease in room-temperature recombination lifetime (Figure 3b) , from 4.9 to 4 ns. The behavior of the PVSK thin films deposited on the micro-and nanostructured ZnO layers is very different. The PL spectra of MS-ZnO/PVSK and NS-ZnO/PVSK are plotted in Figure 3c . MS-ZnO/PVSK exhibits an enhancement of PVSK luminescence by a factor of 20, while PL intensity upsurges by almost ×10 3 in NS-ZnO/PVSK. Room-temperature time-resolved PL in Figure 3d , and the extracted lifetimes averaged over different spots on the samples summarized in the inset to Figure 3b show that, in conjunction with PL increase, both MS-ZnO/PVSK and NS-ZnO/ PVSK heterostructures reduce the recombination lifetimes, by 16% and 55%, respectively. PVSK PL quenching is characteristic of charge extraction from the PVSK layer to the underlying ETL [34] ( Figure S3 , Supporting Information), and together with the reduced lifetime, suggests that SC-ZnO is indeed acting as one. The PL enhancement in Figure 3c , particularly that observed in the NS-ZnO/PVSK, is more reminiscent of Purcell effect, a result supported by the rapid recombination occurring in those samples. The proliferation of grain boundaries in the PVSK thin film when deposited on the micro and nanostructured ZnO layers might be causing increased confinement of excitons in the smaller PVSK grains, resulting in increased spontaneous emission and faster recombination based on a random walk model. [35] The PL enhancement factor in the NS-ZnO/PVSK samples can be driven as high as 3 × Hence, grain size is now below the microscope resolution limit, which prevents acquisition of a clearer image. Scale bar in (e) applies to (f, g).
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combination is not suitable for charge extraction, it demonstrates great potential for optoelectronic applications, such as photodetectors with the capability of magnifying the input signal manyfold. This variation in how PVSK PL is modulated by the ZnO substrates might have a contribution beyond the morphology, since there is an inherent variation in the carrier concentration of the three substrates, resultant of the synthesis process. The single-crystal carrier density [36, 37] is in the range 10 , while that of the MS-ZnO and NS-ZnO is higher, [38, 39] in the range 10 17 -10 18 cm
. It is possible that a higher carrier concentration makes MS-ZnO and NS-ZnO substrates inefficient as ETLs, but that cannot be established beyond doubt. It is quite certain, however, carrier density is not the cause of the increased PL emission of the NS-ZnO/PVSK heterostructures, since the MS-ZnO/PVSK does not demonstrate an enhancement anywhere close despite having a similar carrier concentration.
The variation in PVSK characteristics with the use of different halide precursors is well-documented, [40] and for consistency, we repeated our measurements with samples fabricated with lead chloride as the source in the precursor to confirm the trends observed in samples prepared with lead acetate. For CH 3 NH 3 PbI 3−x Cl x thin films annealed in the vacuum oven, the observed trends for PL quenching and exciton recombination lifetime agree with the trends demonstrated with CH 3 NH 3 PbI 3 thin films. PL intensity of PVSK is reduced by 90% when PVSK is deposited on SC-ZnO, as shown in Figure 3e . Also, as before, PL intensity is enhanced (albeit very slightly, by a factor of 1.4) when NS-ZnO is used. Figure 3f plots the time-resolved PL of CH 3 NH 3 PbI 3−x Cl x on the different ZnO layers, all of which reduce the average recombination lifetime, summarized in the inset. Again, while SC-ZnO and MS-ZnO reduce the average lifetime by ≈20%, use of NS-ZnO results in a lifetime 40% shorter. These results are attributed to similar phenomena as discussed previously: SC-ZnO is effectively extracting electrons from the PVSK layer, whereas NS-ZnO is confining excitons within grains, as indicated by the short lifetime but enhanced PL intensity. However, the phenomenon is not as prominent as in the case of lead acetate based PVSK due to the larger PVSK grains when fabricated with lead chloride precursor.
We have also investigated the properties of thermally annealed CH 3 NH 3 PbI 3−x Cl x thin films, performed using a hot plate at a significantly higher temperature than vacuum annealing (110 °C), and over a period thrice as long. High-temperature thermal annealing of PVSK has been associated with reduced number of pores in the film, but also with increased pore size, which results in reduced coverage of the substrate. [41, 42] Furthermore, annealing for long time periods has been observed to lead to PVSK decomposition due to the formation of PbI 2 . [43, 44] Expectedly, these samples show significantly modified properties. The PVSK thin film deposited on ITO glass appears to be optically almost "dark," and PL is progressively enhanced by the nanostructured, single-crystalline, and microstructured ZnO layers ( Figure S4a , Supporting Information), in that order. Further, incorporation of ZnO prolongs the recombination lifetime for all the samples, indicating electron transfer is hindered for these samples ( Figure S4b, Supporting Information) . These results underline the importance of the annealing method during fabrication, not only for the quality of the PVSK layer but also for proper interpretation of the electron extraction afforded by ZnO.
Temperature Dependence of PL Tuning
In hybrid PVSK thin films, PL emission has contributions from recombination of both excitons and free electron-hole pairs, 
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with the proportion of each determined by the temperature and the exciton binding energy E B . Tuning E B has been successfully leveraged to improve interactions at the interface, including charge extraction efficiency and PL enhancement. Some examples comprise the use of heterostructures [45] and plasmonic nanoparticles [46] to modify E B and improve electronic transport properties in hybrid PVSK solar cells. Beyond PVSKs, the use of coulomb engineering through modification of the local dielectric environment [47] has been demonstrated to tune E B in 2D WS 2 and WSe 2 heterojunctions. Integration with a wide bandgap ETL has the potential of tuning E B in PVSKs as well, and we investigate that possibility next. Figure 4 follows the variation in CH 3 NH 3 PbI 3 emission on the ZnO layers at different temperatures. The spectral shift between the results in Figure 4a ,b is driven by the structural phase transition. The other notable difference is that while at 180 K PL intensities from all four sample types have the same relationship with respect to the ITO/PVSK film, from 100 K down, SC-ZnO/PVSK PL is no longer quenched. In fact, by 20 K, SC-ZnO enhances PVSK PL by almost a factor of 4. This variation as a function of temperature T is shown in Figure 4e in the form of the ratio of PL intensities of SC-ZnO/PVSK and ITO/ PVSK. Similar data for MS-ZnO/PVSK in Figure 4f demonstrate a mild increase in PL over the entire temperature range, without any quenching. Nanostructured ZnO layers affect the PVSK PL most strikingly, affecting a steady enhancement that reaches a thousand-fold by room temperature, in Figure 4g . To investigate if the quenching/enhancement driven by the substrates relate to the PVSK thin films, we focus next on calculating the proportion of free and bound charge carriers and if the presence of the different substrates has any noticeable effect.
Exciton Recombination in PVSK Tuned by ZnO Layers
The variation of spectrally integrated PL intensity with excitation power at different temperatures has proven insightful in estimating the exciton binding energy E B . Equation (1) 
where x is the fraction of free charge carriers, and (1−x) the fraction of excitons that recombine radiatively; A and B are the bimolecular and the monomolecular recombination coefficients, respectively. N tot is the total charge carrier density, directly proportional to the excitation power P, implying I PL ∝P 2 for free charge carriers and I PL ∝P for excitonic recombination. Therefore, by fitting a secondorder polynomial to the power-dependent PL of PVSK at any fixed temperature T ( Figure S5 , Supporting Information), the quadratic and linear coefficients corresponding to free charge carriers and excitons [25, 44] at that T can be extracted, which in turn allow E B and the relative proportion of free and bound charge carriers to be evaluated, as summarized in Figure 5 . We use a formalism [44] based on the Saha-Langmuir equation shown in Equation (2) m is the reduced exciton mass (≈0.1m e ), where m e is the free electron mass, k B is the Boltzmann constant, and h is the Planck's constant. To extract E B from the acquired data while accounting for the coefficients A and B of Equation (1), we fit Equation (2) 
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The proportional weights of free charge carriers, normalized to the ITO/PVSK control sample's, are plotted in Figure 5a as functions of T, while E B values for each sample are plotted in Figure 5b . In ITO/PVSK, the proportion of free carriers contributing to recombination decreases with temperature T, which is typical, as excitonic recombination begins to dominate with reduced T. The same is the case for the other samples as well, although in SC-ZnO/PVSK there is a nonmonotonicity, with a discontinuity arising around the temperature where the structural phase transition occurs. We have calculated E B averaged over the entire temperature range over which PL is collected, but in some instances, [44] E B has shown different values in the two structural phases, with a smaller binding energy in the low T orthorhombic phase. This might explain the increase in free carriers around the transition. Aside from this, Figure 5a further shows significantly fewer free charge carriers in SC-ZnO/PVSK at 295 K (70% fewer than in ITO/PVSK), which cannot be attributed to higher E B , which is practically unchanged from E B in ITO/PVSK, as Figure 5b demonstrates. Therefore, the apparent reduced proportion of free carriers can only be a consequence of transfer from PVSK to SC-ZnO, confirming carrier extraction indicated by quenching of PL. Additionally, the temperature where free carrier fractional value shows a jump in Figure 5a , indicated by the dashed line, is very close to where PVSK PL is no longer quenched by the SC-ZnO substrate in Figure 4e . MS-ZnO/PVSK behaves most like ITO/PVSK, with E B and free carrier proportions both being very similar. Given that these microstructured substrates do not affect PL significantly in Figure 4f , this is not unexpected.
The results from samples incorporating the NS-ZnO substrates are subtler. The free carrier contribution in Figure 5a is 20% less compared to ITO/PVSK, but PL enhancement, rather than quenching, over the entire experimental temperature range affirms that there is no carrier extraction. E B is higher than all the other three samples in Figure 5b , and this accounts for fewer free electrons and holes. The question then is: what the underlying cause for the increased binding energy is, and if the same can also account for the markedly reduced recombination time seen in Figure 3d . The surface topology of the NS-ZnO layer most definitely has a role to play, and we have observed the increased roughness disrupts the formation of the PVSK thin films during annealing ( Figure  S7 , Supporting Information). This leads to the formation of smaller grains, with average size on the order of the diffraction limit of the optical microscope in Figure 2g . We speculate that these sub-micrometer sized grains could be confining the excitons, not only limiting charge carrier transport within the PVSK film, but also increasing E B . Further, this confinement would account for higher recombination rates, almost like a Purcell effect in optical cavities. Interestingly, in the CH 3 NH 3 PbI 3−x Cl x films with prolonged thermal annealing that results in smaller grains, we observe a similar PL enhancement for all the ZnO substrates, likely arising from the same cause as highlighted here.
Conclusion
Hybrid perovskites have properties that make them highly desirable for a range of applications, extending well beyond photovoltaics. Customizing them for optimal performance in different applications will necessarily require careful design of device architecture, which makes tailoring interface properties to achieve desired optoelectronic characteristics essential. Based on our work, planar interfaces appear to be the most optimum structure for charge extraction. This result is supported by means of optical measurements which have been used to quantify exciton lifetime, nature of charge carriers recombining to result in PL, and PL intensity quenching. The experimental data are supplemented by calculations of E B to better understand www.advmatinterfaces.de the fundamental processes occurring at the SC-ZnO/PVSK interface. And, while optical measurements portray a clear picture, future endeavors must also include electrical measurements to fully quantify electron flow within the device.
The more interesting part of our findings is the PL enhancement observed in the roughened layers, most significantly in the nanostructured films, which we establish cannot be attributed to the carrier density of the ZnO substrates. Instead of reducing E B and increasing charge carrier extraction as might have been expected owing to the increased contact area between the ZnO and PVSK, we observed enhanced exciton binding by carrier confinement and up to several thousand-fold increase in PVSK emission intensity. This is an aspect of charge modulation in hybrid PVSK thin films that have not been focused on, centered on optoelectronic properties rather than photovoltaics. Hybrid PVSKs are renowned for excellence in the former as well, with consistently high quantum yield and long charge lifetimes. Our results highlight the possibility of entirely novel applications that would exploit these characteristics, paving the way for device platforms that have not been considered in the realm of PVSKs yet.
Experimental Section
ZnO nanowires (NS-ZnO) are synthesized using previously reported techniques. [23] A catalyst containing solution was prepared using poly(4-vinyl pyridine) (P4VP, Polymer Source, Inc.) of molecular weight 60 000 g mol −1 and Zn(II) acetylacetone (Sigma Aldrich) dissolved in 1-butanol (Sigma Aldrich). The P4VP weight ratio is 0.3 wt% and the metal-to-polymer molar ratio is 0.8:1. The solution was mixed for 5 h under magnetic stirring and was deposited on indium tin oxide (ITO) glass substrate by spin-coating at 3000 rpm for 30 s. After the deposition of each layer the sample was baked for 2 min at 100 °C to remove the solvent and prevent intermixing. The samples were then annealed at 350 °C for 30 min in air to remove the polymer template and form nanoparticles. Although the annealing temperature might reduce the conductivity of the ITO layer, it does not influence the interaction between the PVSK and ZnO layers. Nanowires were grown using a solution-based hydrothermal technique in a Teflon-lined stainless steel autoclave, with the active side of the substrates facing down. 20 × 10 −3 m of hexamethylenetetramine (HMTA, VWR, 99+%) and zinc nitrate hexahydrate (VWR, 99.998%) mixed in deionized water were used for the growth. [23] The synthesis was done at 95 °C in an oven (Yamato ADP 21 vacuum oven) for 6 h. Once nanowire synthesis was complete the nanowires underwent post-annealing at 400 °C in air.
Electrodeposition of microstructured ZnO (MS-ZnO) was achieved using conditions reported elsewhere. [24] Electrodeposition was done in a three-electrode cell maintained at 88 °C with the aid of an oil bath, with zinc foil as the counter electrode and Ag/AgCl as the reference electrode, raised above the solution to keep at lower temperature. A Princeton Instruments galvanometer was used to monitor and provide the necessary voltage for deposition. Deposition was conducted using deionized water based solutions of 5 × 10 −3 m of ZnCl 2 (Alfa Aesar) and 0.1 m KCl (VWR). The solution was saturated with molecular oxygen and slight O 2 bubbling was kept throughout the deposition. The applied potential is −0.82 V versus Ag/AgCl and deposition was finished when the total electrical charge exchanged was 1.1 C cm −2 . A ZnO single crystal, commercially purchased from Tokyo Denpa Inc., was used as the lowest surface roughness sample.
PVSK (CH 3 NH 3 PbI 3 ) precursor was prepared from 2.64 m of methylammonium iodide (MAI, Luminescence Technology Corp.) and 0.88 m of lead (II) acetate trihydrate (Sigma Aldrich), dispersed in N,N-dimethylformadide (DMF). PVSK thin films were spin-coated on UV/ozone-treated ITO glass substrate or UV/ozone-treated ZnO at 4000 rpm for 30 s and were subsequently annealed on a hot plate at 100 °C for 5 min, in a nitrogen environment. Similarly, for preparation of CH 3 NH 3 PbI 3−x Cl x thin films, 2.64 m of MAI and 0.88 m of lead chloride (Sigma Aldrich) were dispersed in DMF, followed by spin-coating at 4000 rpm for 30 s. Annealing of samples was done using two different methods: on a hot plate in N 2 environment at 110 °C until the surface turned dark brown or in a vacuum oven at 60 °C until samples turned dark brown. [39, 48] A pulsed Ti:sapphire laser (Mira, Coherent Inc., repetition rate 13 ns) was frequency-doubled using a BBO crystal to 355 nm for the optical measurements of ZnO, and tuned to 408 nm for acquiring PVSK PL. An Acton 300i spectrometer with a thermoelectrically cooled charge-coupled device, with spectral resolution of 0.18 nm, was used to collect PL spectra. Temperature-dependent measurements were conducted in a cryo-free system from Advanced Research Systems (base temperature 10 K). A time-correlated single photon counting (TCSPC) system from Picoquant was used for time-resolved PL. An Agilent UVvis spectrophotometer was used to record the absorbance spectra of the samples and SEM images were obtained with Zeiss Gemini SEM 500. Fluorescence images of the PVSK thin films were obtained using a confocal microscope (Zeiss LSM 700) which allows the possibility of dual-mode fluorescence-SEM imaging.
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